The purpose of this study is to further investigate the seismic response of a set of parallel rock fractures filled with viscoelastic materials, following the work by Zhu et al. Dry quartz sands are used to represent the viscoelastic materials. The split Hopkinson rock bar (SHRB) technique is modified to simulate 1-D P-wave propagation across the sand-filled parallel fractures. At first, the displacement and stress discontinuity model (DSDM) describes the seismic response of a sand-filled single fracture. The modified recursive method (MRM) then predicts the seismic response of the sand-filled parallel fractures. The SHRB tests verify the theoretical predictions by DSDM for the sand-filled single fracture and by MRM for the sand-filled parallel fractures. The filling sands cause stress discontinuity across the fractures and promote displacement discontinuity. The wave transmission coefficient for the sand-filled parallel fractures depends on wave superposition between the fractures, which is similar to the effect of fracture spacing on the wave transmission coefficient for the non-filled parallel fractures.
I N T RO D U C T I O N
Rock fractures commonly exist in rock masses, and affect the physical, mechanical and seismic properties of rock masses. When seismic waves propagate across rock masses, the fractures attenuate wave amplitude and decrease wave velocity. The understanding of the seismic response of rock fractures is of great interest to rock engineers, geophysicists and seismologists.
The boundary conditions of rock fractures are traditionally considered as stress continuity and displacement discontinuity (Schoenberg 1980; Pyrak-Nolte et al. 1990) . The fractures are treated as non-welded contacts with negligible thickness compared to the wavelength. However, some of natural fractures are filled with viscoelastic materials, such as weathered rock, sand and clay. The thickness of the filling materials may not be ignored compared to the wavelength. Moreover, the density of the filling materials is not comparable to the rock density, and thus the initial mass of the filling materials may affect wave propagation (Rokhlin & Wang 1991) . The displacement and stress discontinuity model (DSDM) proposes that in addition to the displacement discontinuity, the stress across the filled fractures can be also considered as discontinuity (Zhu et al. 2011) . The seismic response of the filled fractures can be predicted according to the specific fracture stiffness, the wave angular frequency and the impedances of the filling materials and the rock material.
A series of nearly parallel discontinuity planes in rock masses is generally known as a set. For a set of parallel fractures filled with viscoelastic materials, it is difficult to estimate the global stiffness of the complicated layered structure. In addition, multiple wave reflections among fractures become another obstacle to predict the seismic response of the filled parallel fractures. The recursive method (RM) provides a practical method to characterize the interrelationship among a set of layers or fractures with respect to potential amplitude or stress and displacement (Treitel & Robinson 1966; Fuchs & Müller 1971) . Nevertheless, the periodically layered structure makes the mathematical expression and the computational process complex. Efforts thus have been persistently made to improve its computational efficiency (e.g. Kennett & Kerry 1979; Luco & Apsel 1983; Chen 1993) . Zhu et al. (2012) enhanced the computational efficiency by introducing the modified recursive method (MRM) for the periodically layered structure. It is capable of faster calculation for the layered structure, in which each fracture has similar physical and mechanical properties and spatial configurations. Therefore, MRM is appropriate to predict the seismic response of the filled parallel fractures.
The split Hopkinson rock bar (SHRB) apparatus is an experimental technique to investigate the interaction between seismic wave and rock fractures. It also has the advantage to observe the low-frequency wave generation and propagation in a rock medium. The study modifies the technique and extends its application to investigate the seismic response of the filled parallel fractures. Dry quartz sands are used to represent the viscoelastic materials. The purpose of this study is to provide an insight into the seismic response of a set of parallel fractures filled with dry sands based on the theoretical predictions and the experimental investigations. At first, DSDM describes the seismic response of a sand-filled single fracture, which is verified by the SHRB tests. The MRM calculation then predicts the seismic response of the sand-filled parallel fractures according to the wave reflection and transmission coefficients for the sand-filled single fracture, the facture spacing and the wavelength. The MRM predictions are also verified by the SHRB tests on the sand-filled parallel fractures. Meanwhile, the study discusses the role of filling sands and the effect of fracture spacing on the seismic response of the sand-filled parallel fractures.
M E T H O D S

Theoretical models
DSDM proposes that rock fractures filled with dry sands can be described by the Kelvin model, which consists of one spring and one dashpot in parallel. The stress discontinuity across a filled single fracture is induced by the initial mass of the filling materials, and the displacement discontinuity is determined by the transmitted stress and the specific fracture stiffness. The specific viscosity is considered as zero for the fracture filled with dry sands. The wave reflection and transmission coefficients for a normally incident P-wave propagation across a filled single fracture are expressed as
where k n is the specific fracture stiffness, that is, the stress change per unit fracture closure in the study, Z p is the seismic impedance of the rock material, ω is the wave angular frequency and d n denotes the impedance ratio between the filling sands and the rock material
where Z e is the effective seismic impedance of the filling sands, and the specific initial mass of the filling sands along the normal direction, m n , is equal to the sand density, ρ 0 , multiplied by the fracture initial thickness, h. In this study, the specific initial mass is the initial mass of a unit square (the cross section of the bars). MRM assumes that the physical and mechanical properties and the spatial configurations of rock fractures are similar, which is possible in real rock masses. A normally incident P-wave is described as u o = A exp(−iωt + ikx), where u o is the particle displacement, A is the wave amplitude and k is the wave number. The wave reflection and transmission coefficients across n fractures are R n and T n , respectively. Due to multiple wave reflections among fractures, the reflected and the transmitted waves can be treated as the superposition of reflected and transmitted waves arriving at different times. Zhu et al. (2012) found that the reflected and transmitted waves across n parallel fractures arriving at different times form a geometric sequence with a common ratio of R 1 2 e i2ks , except the first ratio of the reflected wave (T 1 2 e i2ks ). For wave propagation across two parallel fractures, the wave reflection and transmission coefficients are
where s is the fracture spacing, and k = 2π /λ, λ is the wavelength. The wave transmission coefficient is defined as the ratio of the maximum strain of the transmitted wave to that of the corresponding incident wave in the time domain. In DSDM and MRM, the derived wave reflection and transmission coefficients for the single and parallel fractures are expressed in the frequency domain. The fast Fourier transform is used first to transform the recorded incident wave into the frequency domain. The derived wave transmission coefficient multiplies the incident wave amplitude for each frequency to obtain the predicted transmitted wave amplitude. And then, the inverse fast Fourier transform is applied to transform the predicted transmitted wave amplitude into the time domain to calculate the wave transmission coefficient.
Experimental study
SHRB consists of a loading system with a striker bar, a pair of norite square bars with simulated filled fractures, and a LabVIEW data acquisition unit (Fig. 1) . The low-rate loading system using a compressed spring as the energy source instantaneously launches the norite striker bar (Fig. 1a) . The impact event between the striker bar and the incident bar generates a low-frequency sine wave (2 kHz) propagating in the bar system. A rubber disc with 10 mm in diameter and 1 mm thickness is used as the pulse shaper. Two groups of strain gauges connected in full-bridges are mounted on each bar to record waves. The recorded signal is superposed, consists of the incident and the reflected waves, due to the short length of two bars. With the application of the wave separation method, the stress time responses at the fracture interfaces (the back end of the incident bar and the front end of the transmitted bar) are analysed independently, allowing dynamic stress non-equilibrium across the fractures. For more details about the apparatus and the data analysis, refer to Wu et al. (2012) .
The filled single fracture was simulated by filling dry quartz sands in a pre-set gap between two bars. The quartz sands have a density of 2620 kg m -3 , a porosity of 40 per cent and particle size 1-2 mm. The reasons for using the sands representing filling materials include: (1) the water content in dry sands can be ignored at room temperature to consider the associated viscosity as zero, (2) the quartz sands commonly have a single mineral composition such that in each test the filling material composition is constant and independent to seismic response of filled fractures. For the study of the sand-filled parallel fractures, an additional norite bar was inserted between two bars as the fracture spacing (Fig. 1b) . Two sand layers were filled in the two gaps between the bars and held by two confining boxes. A small grease layer was filled in the gap between the bar surface and the box inner surface to reduce the undesired friction (Fig. 1c) . The confining box held the filling sands and made the sand layer in a uniaxial strain state. Fig. 2 shows the validation test conducted on the system without the filling sands. The nearly same stress time responses at the fracture front and rear interfaces indicate the integrity of the bars and limited wave attenuation in the measuring range. Fig. 3 shows the stress-closure relationship of the sand-filled single fracture with 2 mm thickness. There were three tests performed on the sand-filled single fracture. According to DSDM, the stress time response at the fracture rear interface (the front end of the transmitted bar) represents the stress time response of the sand-filled single fracture. Although dynamic stress non-equilibrium across the fracture cannot be achieved (Fig. 2) , the stress time response at the rear interface indicates the compaction degree of the filling sands and the energy portion that can be transmitted through the densifying sands. The reasons for dynamic stress non-equilibrium lie in two aspects, (1) the filling sands delay the arrival time of the stress at the rear interface, and (2) the energy attenuated by sand compaction is impressive compared with the incident energy. The seismic energy attenuation is mainly due to dynamic compaction of the sand layer, such as friction between grain contacts and rupturing of weak grains. The process consumes considerable amount of incident energy and results in less energy transmitted through the fracture. The displacement discontinuity attributes to the discontinuous stresses and the differences in the asperity deformation at the fracture interfaces. The time response of fracture closure is equal to the initial thickness of the fracture multiplied by the strain time response of the fracture, which is the time integral of the difference of particle velocity time responses at the front and rear interfaces over the fracture thickness. The specific fracture stiffness is obtained by measuring the gradient of the tangent to the pre-peak linear portion of the stress-closure curve. Fig. 3 also presents that the predicted wave transmission coefficients by DSDM and the wave transmission coefficients from the SHRB tests on the sand-filled single fracture agree well with each other. It means DSDM can physically describe the seismic response of the sand-filled single fracture. The differences among these points may be due to the initial filling state of the sand layer.
R E S U LT S A N D D I S C U S S I O N
For a set of the sand-filled parallel fractures, each fracture with 2 mm thickness, four fracture spacing cases were investigated to estimate the effect of fracture spacing on the seismic response of the sand-filled parallel fractures, for example, 39 mm, 75 mm, 202 mm and 404 mm. Three tests were carried out for each case. The measured specific stiffness of the sand-filled single fracture was first applied in the DSDM prediction. After that, the recorded incident wave from each test and the predicted wave reflection and transmission coefficients for the sand-filled single fracture were used in MRM to predict the seismic response of the sand-filled parallel fractures. Based on the MRM assumption, the physical and mechanical properties of two sand-filled fractures in the parallel form are similar, such as the fracture thickness and the particle size of the filling sands. Fig. 4 demonstrates that the wave transmission coefficients predicted by MRM are close to the experimental results from the SHRB tests for the sand-filled parallel fractures. According to the MRM predictions, the wave transmission coefficient for the sand-filled parallel fractures increases with increasing fracture spacing when the fracture spacing is much smaller than the incident wavelength. The wave transmission coefficient then decreases from a maximum value with increasing fracture spacing. In these ranges, wave superposition between the fractures has a great effect on the wave transmission coefficient. This phenomenon is similar to the previous theoretical solutions for predicting the seismic response of the nonfilled parallel fractures (Zhao et al. 1999; Zhao et al. 2006a) . The increase of the wave transmission coefficient is due to increasing global stiffness of the layered structure with small fracture spacing (Zhao et al. 2006b ). Furthermore, the wave transmission coefficient becomes a constant value with increasing fracture spacing when wave superposition has no effects on the wave transmission coefficient. SHRB is unable to perform this case. The low loading rate impact cannot generate a high-amplitude incident wave across a very long rock-sand layered structure, because of the low tensile strength of rock material.
The effect of fracture spacing on the wave transmission coefficient can be also observed based on the loading rate at the fracture rear interface. The pre-peak slope of stress time response at the front end of the transmitted bar is considered as the energy transmission rate, reflecting the compaction degree of the sand layer. According to the stress time responses at the rear interface of the sand-filled parallel fractures (Fig. 2) , the energy transmission rate of the sand-filled parallel fractures with 75 mm is higher than that of the other cases. The higher energy transmission rate indicates denser filling sands in the fractures. As the validation test shows that wave attenuation across a short range in the high-quality rock material can be ignored, the global stiffness of the layered structure increases with denser sands. The specific fracture stiffness of the sand-filled fractures increases with increasing loading rate, resulting in larger wave transmission coefficient . Therefore, the wave transmission coefficient for the sand-filled parallel fractures increases with higher loading rate at the fracture rear interface.
The predicted wave transmission coefficient for the sand-filled parallel fractures reaches the maximum value when the fracture spacing is 202 mm. However, in the experimental results, the wave transmission coefficient for the sand-filled parallel fractures with 75 mm spacing is the largest one. The reasons for the difference between the theoretical predictions and the experimental results include the following: (1) the real experimental work is difficult to match the ideal theoretical assumption, for instance, the initial filling state and the compaction state of the sand layer in two fractures are probably different to some degree, (2) the specific fracture stiffness of a sand-filled single fracture may not precisely represent that of each one in the parallel form, and (3) the limited distinction may exist in the recorded incident waveform from each test.
C O N C L U S I O N S
The study provides an insight into the seismic response of a set of parallel fractures filled with viscoelastic materials, including the role of filling sands and the effect of fracture spacing. Dry quartz sands are used to represent of the viscoelastic materials. With the known specific stiffness of a sand-filled single fracture, MRM predicts the seismic response of the sand-filled parallel fractures based on the wave reflection and transmission coefficients for the single one derived by DSDM. The SHRB tests verify the theoretical predictions by DSDM for the sand-filled single fracture and by MRM for the sand-filled parallel fractures.
It is found that the filling sands delay the arrival time of the stress at the rear interface and consume considerable amount of incident energy, which cause stress discontinuity and promote displacement discontinuity. The change of the wave transmission coefficients for the non-filled and the filled parallel fractures is similar as a function of fracture spacing. It depends on how wave superposition between the fractures. The wave transmission coefficient for the sand-filled parallel fractures increases with higher loading rate at the fracture rear interface.
There are differences between the theoretical predictions and the experimental results. It is probably because both MRM and SHRB treat the rock-sand layered structure as an entirety in this study. The future study will consider the rate-dependency and the frequencydependency of each fracture in the parallel form as well as wave superposition between the fractures.
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